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Abstract
In previous studies, RGD-CAP (collagen-associated protein containing the RGD sequence) isolated from a collagen fiber-
rich fraction of pig cartilage was found to be orthologous to human Lig-h3, which is synthesized by lung adenocarcinoma
cells in response to transforming growth factor-L. In the present study, we examined the effect of recombinant chick RGD-
CAP on the spreading of chondrocytes and fibroblasts using RGD-CAP-coated dishes. When rabbit articular chondrocytes,
chick embryonic sternal chondrocytes, rabbit peritoneal fibroblasts or human MRC5 fibroblasts were seeded on plastic
dishes coated with RGD-CAP, cell spreading was enhanced compared with that on control dishes (bovine serum albumin- or
L-galactosidase-coated dishes). The effect of RGD-CAP on the cell spreading required divalent cations (Mg2 or Mn2), and
was reduced by EDTA. Monoclonal antibodies (mAbs) to the human integrin K1 or L1 subunit, but not to the K2, K3, K5 or L2
subunits, suppressed the RGD-CAP-induced spreading of human MRC5 fibroblasts. In a parallel experiment, the mAb to
the K5 subunit, but not the mAb to the K1 subunit, suppressed fibronectin-induced spreading of these cells. These findings
suggest that RGD-CAP is a novel ligand for integrin K1L1 that dose not bind to the RGD motif. Accordingly, an RGD-CAP
fragment, which carries a deletion in the C-terminal region containing the RGD motif, was still capable of stimulating cell
spreading. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Extracellular matrix (ECM) molecules are involved
in the morphology, migration, proliferation and dif-
ferentiation of cells. In cartilage, type II collagen
plays an important role in supporting the prolifera-
tion and di¡erentiation of chondrocytes [1^3]. Vari-
ous collagen-associated proteins (CAPs) in cartilage,
including ¢bronectin, laminin, osteonectin [4^6], car-
tilage-matrix protein (CMP) [7,8] and CAP contain-
ing the RGD sequence (RGD-CAP) [9] may also be
involved in supporting the proliferation and di¡er-
entiation of chondrocytes.
We isolated RGD-CAP from a collagen ¢ber-rich
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fraction of pig cartilage [9]. Isolated RGD-CAP, as
well as a preparation of recombinant RGD-CAP,
bound to various collagens, including types I and
II [9]. The nucleotide sequence of RGD-CAP
cDNA showed that porcine RGD-CAP is ortholo-
gous to human Lig-h3, which is induced in a human
lung adenocarcinoma cell line by transforming
growth factor-L (TGF-L) [10].
RGD-CAP/Lig-h3 contains four repetitive struc-
tures and an RGD motif (an integrin recognition
site) near the C-terminus [9,10]. Similar repeat struc-
tures but not the RGD motif are present in mouse
osteoblast speci¢c factor 2 (OSF-2) [11,12] and insect
fasciclin I [13].
Previous studies have shown that RGD-CAP/Lig-
h3 added to the culture medium suppresses the
spreading of some tumor cells [14], and that the
pretreatment of dishes with RGD-CAP/Lig-h3 en-
hances the spreading of human dermal ¢broblasts
[15]. However, the characterization of the adhesive
e¡ect of RGD-CAP/Lig-h3 is poor, whether RGD-
CAP/Lig-h3 enhances spreading of other connective
tissue cells is unknown, and whether RGD-CAP/Lig-
h3 modulates cell spreading via integrins has not
been determined. In this study, we examined the
e¡ect of RGD-CAP on the spreading of chondro-
cytes, pulp-derived odontogenic cells and ¢broblasts
using RGD-CAP-coated dishes, and investigated
whether integrins are involved in the RGD-CAP-
mediated cell spreading, using various anti-integrin
antibodies.
2. Materials and methods
2.1. Materials
Neutralizing monoclonal antibodies (mAbs) to K1
(5E8D9) [16] and L1 integrin (DE9) [17] were pur-
chased from Upstate Biotechnology (Lake Placid,
NY, USA). Neutralizing mAbs to K2 (P1E6) [18]
and K3 integrin (P1B5) [19] were purchased from
Becton Dickinson (Lincoln Park, NJ, USA), and
neutralizing mAbs to K5 (P1D6) and L2 integrin
(P4H9-A11) [17] were obtained from Chemicon In-
ternational (Temecula, CA, USA). Bovine plasma
¢bronectin was obtained from Sigma (St. Louis,
MO, USA).
2.2. Expression of recombinant RGD-CAP in
Escherichia coli
Full-length cDNA (3041 bp) was isolated from a
cDNA library of chick sternal cartilage [20] and in-
serted in the EcoRI site of the expression vector
pET-28a (Novagen, Madison, WI, USA) to give an
expression plasmid encoding a peptide corresponding
to amino acids 1^680 of RGD-CAP. The clone
(pET-CAP) containing the insert in the correct ori-
entation was selected and sequenced to ensure that
no mutations or deletions had occurred during the
cloning procedure. E. coli strain HMS 174 (DE3)
(Novagen) transformed with pET-CAP was shaken
in Luria-Bertani medium containing 30 Wg/ml kana-
mycin at 37‡C until the optical density (OD) at 600
nm reached 0.6. The T7 lac promoter was then acti-
vated with 1 mM isopropyl-L-D-(3)-thiogalactopyra-
noside (Wako, Osaka, Japan), and the cells were in-
cubated at 37‡C for 3 h. The cells were harvested and
the inclusion bodies obtained as described by Mar-
ston [21]. The inclusion bodies were dissolved in 10
mM Tris-HCl bu¡er (pH 7.4) containing 7 M urea.
This solution was applied to a His-Trap column
(Pharmacia Fine Chemicals, Uppsala, Sweden) which
was equilibrated with 20 mM sodium phosphate
bu¡er (pH 7.4) containing 7 M urea, 0.5 M NaCl
and 10 mM imidazole. After the column was washed
with 20 mM sodium phosphate bu¡er (pH 7.4) con-
taining 7 M urea, 0.5 M NaCl and 10 mM imidazole,
the recombinant protein was eluted with 20 mM so-
dium phosphate bu¡er (pH 7.4) containing 7 M urea,
0.5 M NaCl and 500 mM imidazole. The samples
were dialyzed with 10 mM Tris-HCl bu¡er (pH
7.4) containing 7 M urea. As a control, pET vector
constructed with E. coli L-galactosidase cDNA was
used, and the expressed protein was puri¢ed as de-
scribed above.
Deleted RGD-CAP cDNA (1661 bp) was prepared
using BAL 31 (Takara, Ohtsu, Japan) by the method
of Turner [22]. The deleted cDNA was inserted in the
vector pET-28a (Novagen) to give an expression
plasmid encoding a truncated peptide corresponding
to amino acids 1^537 of RGD-CAP.
2.3. Preparation of anti-RGD-CAP antibodies
BALB/cAnnNCrj mice were injected subcutane-
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ously with 100 Wl of Ribi adjuvant bu¡er (Ribi Im-
muno Chem Research) containing 15 Wg recombi-
nant RGD-CAP. At 2, 4, and 5 weeks after the ¢rst
injection, the mice were injected subcutaneously with
100 Wl of Ribi adjuvant bu¡er containing 15 Wg
RGD-CAP. One week after the ¢nal injection, the
serum was collected, and the immunoglobulin pre-
cipitated with ammonium sulfate and puri¢ed using
a protein G-Sepharose column (Pharmacia).
2.4. Cell cultures
Rabbit chondrocytes were isolated from articular
cartilage at the knee joints of 4-week-old male Japan
white rabbits, as described previously [23,24]. Rabbit
¢broblasts were isolated from the peritoneum of the
same rabbits [25]. Chick embryonic chondrocytes
were isolated from the sternal cartilage of 17-day-
old embryos, as described previously [26]. A ¢bro-
blast cell line (MRC5) derived from human embry-
onic lung was obtained from Riken (Tsukuba, Ja-
pan). Pulp cells were obtained from three healthy
upper third molars of three patients as described pre-
viously [27]. The chondrocytes, ¢broblasts and pulp
cells were seeded at 5U105 cells per 10 cm plastic
tissue culture dishes and maintained in 10 ml of K-
MEM containing 10% fetal bovine serum (Mitsu-
bishikasei, Tokyo, Japan), 25 Wg/ml ascorbic acid,
32 units/ml penicillin, and 60 Wg/ml kanamycin (me-
dium A). Cultures were incubated in an atmosphere
of 5% CO2 in a humidi¢ed incubator.
2.5. Coating dishes
RGD-CAP (0^50 Wg/ml), L-galactosidase (0^50 Wg/
ml), or ¢bronectin (10 Wg/ml) in 50 Wl of phosphate-
bu¡ered saline (PBS, calcium- and magnesium-free)
containing 10 mM NaHCO3 was incubated in 6 mm
plastic microwells (Falcon-3072, Becton Dickinson,
or Sumilon MS-8096, Sumitomo Bakelite, Tokyo,
Japan) at 4‡C for 18 h. The substrates were washed
three times with PBS, then incubated with 50 Wl of
PBS containing 10 mg/ml bovine serum albumin
(BSA, Sigma) for 2 h to block nonspeci¢c cell attach-
ment. The coating of the dishes with RGD-CAP was
con¢rmed by an enzyme-linked immunosorbent as-
say (ELISA) with anti-RGD-CAP immunoglobulin
(data not shown).
2.6. Cell spreading
When the cultures in 10 cm dishes became 80%
con£uent, the cells were preincubated with 10 Wg/ml
cycloheximide (Sigma), an inhibitor of protein syn-
thesis, in medium A for 30 min. The cells were har-
vested with PBS containing 0.1% trypsin and 0.1%
EDTA. The cells were seeded at 5U103 cells/6 mm
plastic tissue culture microwell (Falcon-3072, Becton
Dickinson) coated with RGD-CAP, and incubated at
37‡C for 0.5^3 h in 0.1 ml of K-MEM containing
1 mg/ml BSA, 25 Wg/ml ascorbic acid, 32 units/ml
penicillin, 60 Wg/ml kanamycin and 10 Wg/ml cyclo-
heximide (medium B) or 10 mM HEPES (pH 7.4)
containing 0.9% NaCl, 1 mg/ml BSA and 10 Wg/ml
cycloheximide. All cells dropped to the bottom of the
dishes within 15 min after seeding if they did not
attach to the culture surface. Spread cells were dis-
tinguishable by their cellular projections. Round and
spread cells were separately counted under a phase-
contrast microscope. At least 60^80 cells were eval-
uated, and the percentage of spread cells relative to
total cells was calculated.
In some studies, human MRC5 ¢broblasts were
preincubated at 37‡C in small plastic tubes with
various neutralizing mAbs to integrins in 0.1 ml of
medium B for 30 min. The cell suspension was trans-
ferred to dishes coated with RGD-CAP or L-galac-
tosidase and incubated at 37‡C for 1 h.
2.7. Statistical analysis
Student’s t-test was used to determine statistical
signi¢cance of the e¡ects of integrin antibodies.
Data were analyzed by repeated measures analysis
of variance (ANOVA).
3. Results
3.1. E¡ects of RGD-CAP on the spreading of
chondrocytes and ¢broblasts
In previous studies, we isolated RGD-CAP from
cartilage [9,20], and in this study we examined the
e¡ect of RGD-CAP on the spreading of chondro-
cytes. Rabbit articular chondrocytes were seeded on
recombinant RGD-CAP-coated dishes and incubated
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for 0^3 h in the presence of cycloheximide, which
inhibits the synthesis of proteins, including adhesion
factors, and then spread and round cells were sepa-
rately counted under a phase-contrast microscope.
The cells seeded on RGD-CAP-coated dishes at-
tached themselves to the culture surface and assumed
a polygonal or spindle-like shape (Fig. 1C), whereas
those on BSA- (Fig. 1A) or L-galactosidase-coated
dishes (Fig. 1B) did not spread on the culture sur-
face. This RGD-CAP enhancement of cell spreading
was observed within 15 min after seeding. The ratio
of spread cells to total cells was higher on the RGD-
CAP-coated dishes than on the control dishes. The
number of spread cells increased with time (at least
until 3 h) more rapidly on the RGD-CAP-coated
dishes than on the control dishes (Fig. 2A). This
e¡ect of RGD-CAP on cell spreading was observed
at 1^5 Wg/ml and reached a maximum at 10 Wg/ml
(Fig. 2B). Since RGD-CAP/Lig-h3 stimulates the
spreading of human dermal ¢broblasts [15], we also
examined the e¡ect of RGD-CAP on the spreading
of human MRC5 ¢broblasts (HMF). RGD-CAP en-
hanced the spreading of human MRC5 ¢broblasts
(Fig. 3A). The concentration of RGD-CAP required
for the enhancement of MRC5 cell spreading
(Fig. 3B) was similar to that required for the en-
hancement of the spreading of rabbit chondrocytes
(Fig. 2B). In addition, RGD-CAP at 10 Wg/ml stimu-
lated the spreading of chick embryonic sternal chon-
drocytes (CEC) and rabbit peritoneal ¢broblasts
(RPF) (Fig. 4). RGD-CAP had little e¡ect on the
spreading of human pulp-derived odontogenic cells
(HPC) (Fig. 4), although ¢bronectin and laminin en-
hanced the spreading of the pulp cells [27].
3.2. E¡ects of divalent cations and EDTA on the
spreading of chondrocytes on RGD-CAP-coated
dishes
Since integrins require divalent cations to bind li-
gands [28,29], we examined the e¡ect of EDTA on
the spreading of chondrocytes on RGD-CAP-coated
dishes. The addition of 3 and 5 mM but not 1 mM
EDTA to medium B abolished the spreading of
chondrocytes on RGD-CAP-coated dishes (Fig.
5A). The concentrations of Mg2 and Ca2 in me-
dium B were 0.8 and 1.8 mM, respectively. When
chondrocytes were suspended in HEPES bu¡er (pH
Fig. 1. The e¡ect of RGD-CAP on the spreading of chondro-
cytes. Plastic culture dishes were not coated (A) or coated with
10 Wg/ml RGD-CAP (C) or L-galactosidase (B), then blocked
for nonspeci¢c spreading with BSA (10 mg/ml). Rabbit articular
chondrocytes were incubated in these dishes for 2 h.
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7.4) containing 0.9% NaCl and 10 Wg/ml cyclohexi-
mide, they did not attach to RGD-CAP- or L-galac-
tosidase-coated dishes. However, the addition of
3 mM Mg2, Mn2 or Ca2 to the bu¡er markedly
enhanced the spreading of chondrocytes on RGD-
CAP- but not on L-galactosidase-coated dishes.
Mn2 showed a greater e¡ect on cell spreading
than did Mg2. Ca2 had less e¡ect on the spreading
of chondrocytes than Mg2 or Mn2 (Fig. 5B).
Fig. 2. Time course (A) and dose-response curve (B) of the ef-
fect of RGD-CAP on the spreading of chondrocytes. (A) Plastic
culture dishes were not coated (closed triangles) or coated with
10 Wg/ml RGD-CAP (closed circles) or L-galactosidase (open
circles), then blocked for nonspeci¢c spreading with BSA (10
mg/ml). Rabbit articular chondrocytes were seeded at low den-
sity (5000 cells/well) and incubated for 15 min^3 h. (B) Rabbit
articular chondrocytes were seeded at low density (5000 cells/
well) on dishes coated with various concentrations of RGD-
CAP (closed circles) or L-galactosidase (open circles), then
blocked for nonspeci¢c spreading with BSA (10 mg/ml) and in-
cubated for 1 h. Round and spread cells were separately
counted under a phase-contrast microscope. At least 60^80 cells
were evaluated, and the percentage of spread cells relative to
total cells was calculated (B). Values are averages þ S.D. of trip-
licate cultures.
Fig. 3. Time course (A) and dose-response curve (B) of the ef-
fect of RGD-CAP on the spreading of human MRC5 ¢bro-
blasts. (A) Plastic culture dishes were not coated (closed trian-
gles) or coated with 10 Wg/ml RGD-CAP (closed circles) or L-
galactosidase (open circles), then blocked for nonspeci¢c
spreading with BSA (10 mg/ml). Human MRC5 ¢broblasts
were seeded at low density (5000 cells/well) and incubated for
15 min^3 h. (B) Plastic culture dishes were coated with various
concentrations of RGD-CAP (closed circles) or L-galactosidase
(open circles), then blocked for nonspeci¢c spreading with BSA
(10 mg/ml) and incubated for 1 h. Round and spread cells were
separately counted under a phase-contrast microscope. At least
60^80 cells were evaluated, and the percentage of spread cells
to total cells was calculated. Values are averages þ S.D. of tripli-
cate cultures.
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3.3. E¡ects of mAbs to integrins on the spreading of
human ¢broblasts on RGD-CAP- or
¢bronectin-coated dishes
Since antibodies to rabbit integrins are rather dif-
¢cult to obtain, we used antibodies to human integ-
rins. Human MRC5 ¢broblasts were used, because it
was di⁄cult to obtain human chondrocytes. The
spreading of MRC5 ¢broblasts on RGD-CAP-
coated dishes was suppressed by the mAb against
integrin K1 or L1. The mAbs against K2, K3, K5 or
L2, as well as control IgG, had little e¡ect on the
cell spreading on RGD-CAP-coated dishes. In the
presence of mAb to K1 or L1 (10 Wg/ml), the cell
spreading on RGD-CAP-coated dishes was almost
abolished (Fig. 6A). In a parallel experiment, the
mAbs to K5 or L1 but not the mAb to K1 integrin,
inhibited the cell spreading on ¢bronectin-coated
dishes (Fig. 6B). These ¢ndings distinguish the K in-
tegrin involved in RGD-CAP-mediated cell spread-
ing from that involved in ¢bronectin-mediated cell
spreading.
3.4. E¡ect of RGD-CAP fragment [1^537] without
the RGD motif on cell spreading
Since integrin K1L1 does not recognize the RGD
motif, we examined whether the RGD motif near the
C-terminus of RGD-CAP is dispensable for the
RGD-CAP-induced cell spreading. A deleted mutant
of RGD-CAP (aa residues 1^537) without the RGD
Fig. 4. The e¡ect of RGD-CAP on the spreading of various
chondrocytes and ¢broblasts. Plastic culture dishes were coated
with 10 Wg/ml RGD-CAP (closed bars) or L-galactosidase
(hatched bars), then blocked for nonspeci¢c spreading with
BSA (10 mg/ml). Rabbit articular chondrocytes (RAC), chick
embryonic sternal chondrocytes (CEC), rabbit peritoneal ¢bro-
blasts (RPF), human pulp-derived odontogenic cells (HPC) and
human MRC5 ¢broblasts (HMF) were seeded and incubated
for 1 h on these dishes. Values are averages þ S.D. of triplicate
cultures.
Fig. 5. Divalent cation dependence of spreading of chondro-
cytes in response to RGD-CAP. (A) Plastic culture dishes were
not coated (open bars) or coated with 10 Wg/ml RGD-CAP
(closed bars) or 10 Wg/ml L-galactosidase (hatched bars). Rabbit
articular chondrocytes were preincubated for 30 min in medium
B in the presence of various concentrations of EDTA in small
tubes. The cell suspensions were transferred to the protein-
coated dishes and incubated for 1 h. (B) Rabbit articular chon-
drocytes were preincubated for 30 min in HEPES bu¡er (pH
7.4) containing 0.9% NaCl, 1 mg/ml BSA and 10 Wg/ml cyclo-
heximide in the absence or presence of 3 mM Ca2, Mg2 or
Mn2, then incubated in RGD-CAP- (10 Wg/ml) (closed bars)
or L-galactosidase-coated (10 Wg/ml) (hatched bars) dishes for
1 h. Values are averages þ S.D. of triplicate cultures.
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sequence was expressed in E. coli, and the protein
was puri¢ed using a His-tag column. The RGD-
CAP fragment [1^537] was e¡ective in stimulating
cell spreading, although its e¡ect was approx. 30%
less than that of full-length RGD-CAP [1^680]
(Fig. 7).
4. Discussion
RGD-CAP/Lig-h3 mRNA is expressed in many
tissues, including cartilage, corneal epithelium, fore-
skin epithelium, heart, breast, prostate, duodenum,
adrenal glands, ovary, liver, and pancreas
[9,10,15,30]. The level of RGD-CAP/Lig-h3 mRNA
changes during development and repair [9,31].
Although the biological role of RGD-CAP/Lig-h3
remains unknown, RGD-CAP/Lig-h3 added to the
culture medium suppressed the adhesion of A549,
HeLa and WI-38 cells to the culture surface [14].
In contrast, coating dishes with RGD-CAP/Lig-h3
enhanced the spreading of human dermal ¢broblasts
[15]. The stimulation of cell spreading by RGD-CAP/
Lig-h3 has not been shown with other cell types,
however. In the present study, we showed that
RGD-CAP enhances the spreading of rabbit articu-
lar chondrocytes, chick embryonic sternal chondro-
cytes, rabbit peritoneal ¢broblasts and human
MRC5 ¢broblasts. RGD-CAP had little e¡ect on
the spreading of human pulp-derived odontogenic
cells, although ¢bronectin and laminin stimulated
the spreading of these cells [15]. Cartilage matrix
protein (matrilin-1), which binds to integrin K1L1
[32], also had little e¡ect on the spreading of the
pulp cells (data not shown), although cartilage ma-
trix protein stimulates the spreading of chondrocytes
and MRC5 ¢broblasts [32]. These ¢ndings suggest
that the enhancement of cell spreading by RGD-
CAP may depend upon the expression of certain in-
tegrins on the cell surface. RGD-CAP stimulated the
spreading of various but not all connective tissue
cells. The selective action of RGD-CAP on certain
cell types may be important for tissue development
and repair.
The e¡ect of RGD-CAP/Lig-h3 on cell spreading
could be mediated by integrins. However, Escribano
et al. could not determine whether RGD-CAP/Lig-h3
interacts with integrins in cross-linking studies with
anti-L1 mAbs [30]. On the other hand, we observed
here that the e¡ect of RGD-CAP/Lig-h3 on cell
spreading was inhibited by EDTA, and required di-
valent cations such as Mg2 and Mn2. This is con-
sistent with the results of extensive studies on the
regulation of integrin K1L1 [28,33], K2L1 [29], K5L1
Fig. 6. The e¡ects of mAbs to various integrin subunits on the cell spreading on RGD-CAP- (A) or ¢bronectin-coated dishes (B). Hu-
man MRC5 ¢broblasts were preincubated with 10 Wg/ml cycloheximide for 30 min in the presence of control IgG or mAb to human
integrin subunit L1 (P1D6), L2 (P4H9-A11), K1 (5E8D9), K2 (P1E6), K3 (P1E5) or K5 (DE9) in small tubes. The cell suspensions were
transferred to RGD-CAP- or ¢bronectin-coated dishes and incubated for 1 h. Values are averages þ S.D. of triplicate cultures. *Di¡ers
signi¢cantly (P6 0.01) from cell spreading on RGD-CAP-coated dishes without antibodies.
BBAMCR 14519 30-7-99
S. Ohno et al. / Biochimica et Biophysica Acta 1451 (1999) 196^205202
and KvL3 [34] activity by divalent cations. Further-
more, we found here that the e¡ect of RGD-CAP/
Lig-h3 on the cell spreading of ¢broblasts was inhib-
ited by mAbs to K1 and L1, but not those to K2, K3,
K5 and L2. The mAbs to K1 plus L1 at 10 Wg/ml
markedly suppressed the RGD-CAP/Lig-h3-induced
cell spreading. These ¢ndings suggest that integrin
K1L1 plays a pivotal role in the RGD-CAP/Lig-h3-
induced ¢broblast spreading.
Our initial hypothesis was that the RGD motif on
RGD-CAP plays a major role in cell spreading, be-
cause the RGD sequence is conserved at the same
position in the C-terminal region of chick, mouse,
porcine and human RGD-CAP/Lig-h3. However,
mAbs to integrin K1 and L1 suppressed RGD-CAP-
mediated cell spreading, even though integrin K1L1
does not recognize the RGD motif. In addition, a
recombinant RGD-CAP/Lig-h3 fragment [1^537]
without the RGD motif retained the ability to en-
hance the spreading of chondrocytes. These ¢ndings
suggest that the RGD motif near the C-terminus is
not essential for the RGD-CAP-mediated cell
spreading. The e¡ect of RGD-CAP [1^537] on cell
spreading was approx. 30% less than that of full-
length RGD-CAP [1^680]. It is unknown whether
some part of the deleted sequence other than the
RGD motif is responsible for the decrease in the
adhesive activity of RGD-CAP [1^537].
RGD-CAP/Lig-h3, like Drosophila fasciclin I (neu-
ronal adhesion protein) [13,35], has four repeat do-
mains with highly conserved regions named the H1
and H2 domains (constructed of 10^12 amino acids)
in each repeat [20]. The H1 and H2 domains may be
involved in RGD-CAP-induced cell spreading. How-
ever, the addition of synthetic H1 and H2 peptides to
the culture medium had little e¡ect on the spreading
of chondrocytes on RGD-CAP-coated dishes, and
pretreatment of dishes with the H1 and H2 peptides
did not stimulate or inhibit cell spreading (Ohno et
al., unpublished data). We are currently investigating
which domain(s) of RGD-CAP are involved in the
enhancement of cell spreading.
Integrin K1L1 is widely distributed in various tis-
sues, including cartilage [36]. It binds to collagen [37]
and laminin [38] in vitro. However, the extracellular
matrix molecules that interact with this integrin have
not been fully identi¢ed. Our ¢ndings suggest that
RGD-CAP is a novel ligand for integrin K1L1.
Cell adhesion is one of the ¢rst steps in cell migra-
tion, proliferation and di¡erentiation. Accordingly,
the transfection and overexpression of RGD-CAP/
Lig-h3 cDNA in Chinese hamster ovary (CHO) cells
altered the cell shape from spindle-like to £at, and
markedly decreased the growth rate in culture and in
nude mice [14]. The synthesis of RGD-CAP/Lig-h3 is
induced by TGF-L in many cells, including chondro-
cytes and ¢broblasts [9,10,15]. In addition, RGD-
CAP/Lig-h3 is up-regulated in Fuchs’ dystrophic cor-
neas [39] and atherosclerotic and restenotic human
vascular lesions in vivo [40]. These ¢ndings, taken
together with the present results, suggest that
RGD-CAP/Lig-h3 modulates the adhesion, prolifer-
ation and cell shape of various cells at least partly via
Fig. 7. The e¡ects of RGD-CAP fragment [1^537] without the
RGD motif on cell spreading. (A) Structures of RGD-CAP
fragment [1^537] and full-length RGD-CAP [1^680]. The RGD-
CAP fragment [1^537] (approx. 60 kDa) does not include the
RGD sequence. (B) Plastic culture dishes were not coated (left
closed bar) or coated with 2U1037 M L-galactosidase (hatched
bar), RGD-CAP fragment [1^537] (open bar) or full-length
RGD-CAP (right closed bar), then blocked for nonspeci¢c ad-
hesion with BSA (10 mg/ml). Rabbit articular chondrocytes
were incubated on these dishes for 1 h. The number of adher-
ent cells relative in each microwell was quanti¢ed by calculating
the percentage of adherent cells to total cells. Values are avera-
ges þ S.D. of triplicate cultures.
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interactions with integrin K1L1 during normal devel-
opment, wound healing and tissue remodeling.
Acknowledgements
We thank the Research Center for Molecular
Medicine, Hiroshima University School of Medicine,
for the use of their facilities.
References
[1] Y. Kato, E¡ects of exogenous extracellular matrices on
chondrocyte proliferation and phenotypic expression, in:
F. Shimizu, I. Kihara, T. Oite (Eds.), Cell Proliferation
and Glomerulonephritis, Nishimura Press, Niigata, Japan,
1986, pp. 41^56.
[2] P.S. Leboy, L. Vaias, B. Uschmann, E. Golub, S.L. Adams,
M. Paci¢ci, Ascorbic acid induces alkaline phosphatase, type
X collagen, and calcium deposition in cultured chick chon-
drocytes, J. Biol. Chem. 264 (1989) 17281^17286.
[3] L.N. Wu, G.R. Sauer, B.R. Genge, R.E. Wuthier, Induction
of mineral deposition by primary cultures of chicken growth
plate chondrocytes in ascorbate-containing media. Evidence
of an association between matrix vesicles and collagen,
J. Biol. Chem. 264 (1989) 21346^21355.
[4] D.M. Salter, J.L. Godolphin, M.S. Gourlay, Chondrocyte
heterogeneity: immunohistologically de¢ned variation of in-
tegrin expression at di¡erent sites in human fetal knees,
J. Histochem. Cytochem. 43 (1995) 447^457.
[5] M. Paci¢ci, E.B. Golden, O. Oshima, I.M. Shapiro, P.S.
Leboy, S.L. Adams, Hypertrophic chondrocytes. The termi-
nal stage of di¡erentiation in the chondrogenic cell lineage?,
Ann. NY Acad. Sci. 599 (1990) 45^57.
[6] S. Nakamura, K. Kamihagi, H. Satakeda, M. Katayama, H.
Pan, H. Okamoto, M. Noshiro, K. Takahashi, Y. Yoshi-
hara, M. Shimmei, Y. Okada, Y. Kato, Enhancement of
SPARC (osteonectin) synthesis in arthritic cartilage. In-
creased levels in synovial £uids from patients with rheuma-
toid arthritis and regulation by growth factors and cytokines
in chondrocyte cultures, Arthritis Rheum. 39 (1996) 539^
551.
[7] M. Paulsson, S. Inerot, D. Heinegard, Variation in quantity
and extractability of the 148-kilodalton cartilage protein
with age, Biochem. J. 221 (1984) 623^630.
[8] A. Okimura, Y. Okada, S. Makihira, H. Pan, L. Yu, K.
Tanne, K. Imai, H. Yamada, T. Kawamoto, M. Noshiro,
W. Yan, Y. Kato, Enhancement of cartilage matrix protein
synthesis in arthritic cartilage, Arthritis Rheum. 40 (1997)
1029^1036.
[9] K. Hashimoto, M. Noshiro, S. Ohno, T. Kawamoto, H.
Satakeda, Y. Akagawa, K. Nakashima, A. Okimura, H.
Ishida, T. Okamoto, H. Pan, M. Shen, W. Yan, Y. Kato,
Characterization of a cartilage-derived 66-kDa protein
(RGD-CAP/beta ig-h3) that binds to collagen, Biochim. Bio-
phys. Acta 1355 (1997) 303^314.
[10] J. Skonier, M. Neubauer, L. Madisen, K. Bennett, G.D.
Plowman, A.F. Purchio, cDNA cloning and sequence anal-
ysis of beta ig-h3, a novel gene induced in a human adeno-
carcinoma cell line after treatment with transforming growth
factor-beta, DNA Cell Biol. 11 (1992) 511^522.
[11] S. Takeshita, R. Kikuno, K. Tezuka, E. Amann, Osteoblast-
speci¢c factor 2: cloning of a putative bone adhesion protein
with homology with the insect protein fasciclin I, Biochem.
J. 294 (1993) 271^278.
[12] T. Sugiura, H. Takamatsu, A. Kudo, E. Amann, Expression
and characterization of murine osteoblast-speci¢c factor 2
(OSF-2) in a baculovirus expression system, Protein Expr.
Purif. 6 (1995) 305^311.
[13] W.C. Wang, K. Zinn, P.J. Bjorkman, Expression and struc-
tural studies of fasciclin I, an insect cell adhesion molecule,
J. Biol. Chem. 268 (1993) 1448^1455.
[14] J. Skonier, K. Bennett, V. Rothwell, S. Kosowski, G. Plow-
man, P. Wallace, S. Edelho¡, C. Disteche, M. Neubauer, H.
Marquardt et al., beta ig-h3: a transforming growth factor-
beta-responsive gene encoding a secreted protein that inhib-
its cell attachment in vitro and suppresses the growth of
CHO cells in nude mice, DNA Cell Biol. 13 (1994) 571^584.
[15] R.G. LeBaron, K.I. Bezverkov, M.P. Zimber, R. Pavelec, J.
Skonier, A.F. Purchio, Beta IG-H3, a novel secretory pro-
tein inducible by transforming growth factor-beta, is present
in normal skin and promotes the adhesion and spreading of
dermal ¢broblasts in vitro, J. Invest. Dermatol. 104 (1995)
844^849.
[16] A. Luque, F. Sanchez Madrid, C. Cabanas, Functional reg-
ulation of the human integrin VLA-1 (CD49a/CD29) by di-
valent cations and stimulatory beta 1 antibodies, FEBS Lett.
346 (1994) 278^284.
[17] J.M. Bergelson, B.M. Chan, R.W. Finberg, M.E. Hemler,
The integrin VLA-2 binds echovirus 1 and extracellular ma-
trix ligands by di¡erent mechanisms, J. Clin. Invest. 92
(1993) 232^239.
[18] W.G. Carter, E.A. Wayner, T.S. Bouchard, P. Kaur, The
role of integrins alpha 2 beta 1 and alpha 3 beta 1 in cell-
cell and cell-substrate adhesion of human epidermal cells,
J. Cell Biol. 110 (1990) 1387^1404.
[19] W.G. Carter, P. Kaur, S.G. Gil, P.J. Gahr, E.A. Wayner,
Distinct functions for integrins alpha 3 beta 1 in focal adhe-
sions and alpha 6 beta 4/bullous pemphigoid antigen in a
new stable anchoring contact (SAC) of keratinocytes: rela-
tion to hemidesmosomes, J. Cell Biol. 111 (1990) 3141^3154.
[20] T. Kawamoto, M. Noshiro, M. Shen, K. Nakamasu, K.
Hashimoto, Y. Kawashima Ohya, O. Gotoh, Y. Kato,
Structural and phylogenetic analyses of RGD-CAP/beta ig-
h3, a fasciclin-like adhesion protein expressed in chick chon-
drocytes, Biochim. Biophys. Acta 1395 (1998) 288^292.
[21] F.A.O. Marston, The puri¢cation of eukaryotic polypeptides
expressed in Escherichia coli, in: D.M. Glover (Ed.), DNA
Cloning, vol. III, IRL Press, Oxford, 1987, pp. 59^88.
BBAMCR 14519 30-7-99
S. Ohno et al. / Biochimica et Biophysica Acta 1451 (1999) 196^205204
[22] G.P. Turner, G.G. Kneale, Cloning, expression and in vitro
characterisation of the M13 gene 5 protein, Biochim. Bio-
phys. Acta 1173 (1993) 201^208.
[23] Y. Shimomura, T. Yoneda, F. Suzuki, Osteogenesis by chon-
drocytes from growth cartilage of rat rib, Calcif. Tissue Res.
19 (1975) 179^187.
[24] Y. Kato, D. Gospodarowicz, Sulfated proteoglycan synthesis
by con£uent cultures of rabbit costal chondrocytes grown in
the presence of ¢broblast growth factor, J. Cell Biol. 100
(1985) 477^485.
[25] Y. Kato, K. Nakashima, M. Iwamoto, H. Murakami, H.
Hiranuma, T. Koike, F. Suzuki, H. Fuchihata, Y. Ikehara,
M. Noshiro et al., E¡ects of interleukin-1 on syntheses of
alkaline phosphatase, type X collagen, and 1,25-dihydroxy-
vitamin D3 receptor, and matrix calci¢cation in rabbit chon-
drocyte cultures, J. Clin. Invest. 92 (1993) 2323^2330.
[26] P.B. Ahrens, M. Soulursh, R.S. Reiter, Micromass cultures
of limb and other mesenchyme, Dev. Biol. 60 (1977) 69^82.
[27] H. Shiba, T. Fujita, N. Doi, S. Nakamura, K. Nakanishi, T.
Takemoto, T. Hino, M. Noshiro, T. Kawamoto, H. Kuri-
hara, Y. Kato, Di¡erential e¡ects of various growth factors
and cytokines on the syntheses of DNA, type I collagen,
laminin, ¢bronectin, osteonectin/secreted protein, acidic
and rich in cysteine (SPARC), and alkaline phosphatase by
human pulp cells in culture, J. Cell. Physiol. 174 (1998) 194^
205.
[28] T. Lallier, M. Bronner Fraser, Alpha 1 beta 1 integrin on
neural crest cells recognizes some laminin substrata in a
Ca(2+)-independent manner, J. Cell Biol. 119 (1992) 1335^
1345.
[29] A.N. Garratt, M.J. Humphries, Recent insights into ligand
binding, activation and signalling by integrin adhesion recep-
tors, Acta Anat. 154 (1995) 34^45.
[30] J. Escribano, N. Hernando, S. Ghosh, J. Crabb, M. Coca
Prados, cDNA from human ocular ciliary epithelium homol-
ogous to beta ig-h3 is preferentially expressed as an extra-
cellular protein in the corneal epithelium, J. Cell. Physiol.
160 (1994) 511^521.
[31] Y. El Shabrawi, C.L. Kublin, C. Cintron, mRNA levels of
alpha1(VI) collagen, alpha1(XII) collagen, and beta ig in
rabbit cornea during normal development and healing, In-
vest. Ophthalmol. Vis. Sci. 39 (1998) 36^44.
[32] S. Makihira, W. Yan, S. Ohno, T. Kawamoto, K. Fujimoto,
A. Okimura, E. Yoshida, M. Noshiro, T. Hamada, Y. Kato,
Enhancement of cell adhesion and spreading by a cartilage-
speci¢c noncollagenous protein, cartilage matrix protein
(CMP/matrilin-1), via integrin alpha 1 beta 1, J. Biol.
Chem. 274 (1999) 11417^11423.
[33] D.C. Turner, L.A. Flier, S. Carbonetto, Identi¢cation of a
cell-surface protein involved in PC12 cell-substratum adhe-
sion and neurite outgrowth on laminin and collagen, J. Neu-
rosci. 9 (1989) 3287^3296.
[34] X. Sun, K. Skorstengaard, D.F. Mosher, Disul¢des modu-
late RGD-inhibitable cell adhesive activity of thrombospon-
din, J. Cell Biol. 118 (1992) 693^701.
[35] T. Elkins, M. Hortsch, A.J. Bieber, P.M. Snow, C.S. Good-
man, Drosophila fasciclin I is a novel homophilic adhesion
molecule that along with fasciclin III can mediate cell sort-
ing, J. Cell Biol. 110 (1990) 1825^1832.
[36] V.L. Woods Jr., P.J. Schreck, D.S. Gesink, H.O. Pacheco,
D. Amiel, W.H. Akeson, M. Lotz, Integrin expression by
human articular chondrocytes, Arthritis Rheum. 37 (1994)
537^544.
[37] R.H. Kramer, N. Marks, Identi¢cation of integrin collagen
receptors on human melanoma cells, J. Biol. Chem. 264
(1989) 4684^4688.
[38] R.H. Kramer, K.A. McDonald, M.P. Vu, Human melanoma
cells express a novel integrin receptor for laminin [published
erratum appears in J. Biol. Chem. 1989 Dec. 15; 264 (35):
21432], J. Biol. Chem. 264 (1989) 15642^15649.
[39] K. Hirano, G.K. Klintworth, Q. Zhan, K. Bennett, C. Cin-
tron, Beta ig-h3 is synthesized by corneal epithelium and
perhaps endothelium in Fuchs’ dystrophic corneas, Curr.
Eye Res. 15 (1996) 965^972.
[40] E.R. O’Brien, K.L. Bennett, M.R. Garvin, T.W. Zderic, T.
Hinohara, J.B. Simpson, T. Kimura, M. Nobuyoshi, H.
Mizgala, A. Purchio, S.M. Schwartz, Beta ig-h3, a trans-
forming growth factor-beta-inducible gene, is overexpressed
in atherosclerotic and restenotic human vascular lesions, Ar-
terioscler. Thromb. Vasc. Biol. 16 (1996) 576^584.
BBAMCR 14519 30-7-99
S. Ohno et al. / Biochimica et Biophysica Acta 1451 (1999) 196^205 205
